A B S T R A C T The role of insulin in the regulation of human adipose tissue lipoprotein lipase was evaluated. Adipose tissue heparin-releasable lipoprotein lipase (thought to be related to peripheral clearance of plasma triglycerides) was low in insulin-deficient, untreated hyperglycemic diabetic subjects (P <0.001) and treatment of hyperglycemia returned the activity to normal. In chronic hyperinsulinism, represented by obesity, heparin-releasable activity among control subjects was correlated to percent of ideal body weight (r = 0.53, P < 0.05) and to fat cell size (r = 0.61, P < 0.02).
INTRODUCTION
Lipoprotein lipase (LPL) ,' present mainly in adipose tissue and to some extent in other tissues (1) (2) (3) , is the rate-limiting enzyme for tissue uptake of plasma triglycerides (TG) (4) (5) (6) (7) . In a number of animal studies, adipose tissue LPL has been shown to be sensitive to caloric and hormonal balance (8) (9) (10) (11) and particularly dependent on availability of glucose and insulin (11) (12) (13) .
Normal adipose tissue LPL levels have been found in treated human diabetic patients (14) . However, the activity of this enzyme in human tissues has usually ben estimated only indirectly as postheparin plasma lipolytic activity (PHLA). In most, but not all instances, low PHLA has been associated with impaired TG removal and hypertriglyceridemia (15) (16) (17) (18) .
Hypertriglyceridemia of varying degrees is frequently seen in untreated diabetes mellitus; it is almost the rule in severe insulin deficiency with ketoacidosis (19) (20) (21) (22) . Treatment with insulin or oral antidiabetic agents returns elevated plasma TG to or toward normal indicating that absolute or relative lack of endogenous insulin may be a cause of diabetic hypertriglyceridemia. However, studies of plasma TG removal in diabetes using PHLA as an index, have been inconclusive. Thus, PHLA, measured after a small heparin dose, was low only in some uncontrolled severely diabetic patients (23) , whereas most diabetics had normal activity (24) . Recent studies using high-dose prolonged heparin infusion have demonstrated an abnormality in PHLA in all untreated hyperglycemic subjects examined (25) .
This suggests that decreased adipose tissue LPL availability may be a possibility in untreated human diabetes. The normal PHLA in diabetics receiving low-dose heparin may also be related to the complexity of PHLA; in addition to adipose tissue LPL, heparin releases a TG-splitting activity from liver (26, 27) and possibly LPL from muscle and other tissues into the circulation. Thus, total PHLA may not be an accurate index of adipose tissue LPL, which is the major determinant of peripheral TG removal (28) .
In the present study, adipose tissue LPL was measured directly from human subcutaneous fat tissue, and the importance of insulin in the regulation of this enzyme activity was determined. Since adipose tissue LPL may exist in several forms and multiple compartments (2, 29) , measurements of enzyme were made both in acetone-ether powder preparations (thought to represent the total tissue activity [2] ), and after release from tissue by heparin (presumed to be the readily releasable fraction related to PHLA and plasma TG clearance [2, 30] ). Because there is a close relationship among obesity, insulin and glucose metabolism (31) , and hypertriglyceridemia (32) , the role of obesity and the effect of feeding on adipose tissue LPL were evaluated by measurement of the enzyme activity after overnight fasting and after feeding with diets containing different amounts of carbohydrate. Results indicate that variability in insulin secretion, as seen in obesity, diabetes, and after feeding, may be an important determinant of human adipose tissue LPL.
METHODS
Subjects. Untreated diabetic subjects for this study consisted of eight patients with varying degrees of hyperglycemia, hypertriglyceridemia, and obesity (Table I) . Four of these subjects had been treated previously with oral sulfonylurea agents, the other four had never been treated. Three of them had a concomitant familial form of hypertriglyceridemia as indicated by the presence of 114  110  8  54  108  82  9  61  115  100  7  64  96  95  9  68  113  95  4  94  155  96  17  101  97  96  7   104  149  104  31  160  123  105  14  164  102  93  12  186  175  81  71  192   118  92  13  230  122  84  19   559   171  100  22  704  110  96  30  900   125  95  18  243  26  8  16 nondiabetic lhypertriglyceridemic first-degree relatives in their families. Seven nondiabetic normolipidemic and eight nondiabetic hypertriglyceridemic subjects served as controls (Table I) . Of the eight hypertriglyceridemic control subjects, four had a familial form of hypertriglyceridemia; the families of the remaining hypertriglyceridemic subjects have not been studied. Experimental design. To assess the relationship among obesity, fat cell size, fasting plasma insulin, and adipose tissue LPL, the diabetic and control subjects were studied as outpatients during periods of weight stability. Blood was drawn for determinations of plasma glucose, immunoreactive insulin, TG, and cholesterol after an overnight 12-h fast. A sample of subcutaneous buttock adipose tissue was taken by needle aspiration to determine LPL activity and fat cell size. Four of the diabetic patients were restudied 1 wk after institution of therapy with an oral sulphonylurea and five of them after 10-12 wk of therapy with insulin or an oral sulphonylurea to test the effect of treatment of hyperglycemia on adipose tissue LPL.
Five control (E. L., S. K., B. H., R. R., and D. H.: Table I ) and three diabetic (J. S., C. G., and C. S.) subjects were admitted to a metabolic ward for dietary studies. For 2 wk the control subjects were fed a weightmaintaining, constant composition liquid formula diet containing 40% of calories as fat (half corn oil, half butter fat), 45% carbohydrates (dextrose), and 15% protein (skim milk powder), and four of these subjects were subsequently fed a fat-free high-carbohydrate liquid formula diet (85% carbohydrate, 15% protein) for 2 wk. The diabetic patients were studied only on the fat-free formula diet. The feedings were divided into five equal parts and served at 8 a.m., 11 a.m., 2 p.m., 5 p.m., and 8 p.m. At the end of each dietary period, adipose tissue LPL was measured after a 12-h overnight fast and after ingestion of the formula diet (Table II) . A similar study of the effect of feeding with fat-free formula on adipose tissue LPL was performed with two control (T. H. and G. S.) and two diabetic (D. N. and S. S.) subjects as outpatients on ad lib. diets. The subjects were kept in bed during the feeding studies; smoking and all intake except water and formula was prohibited.
Materials. Fatty acid-poor bovine serum albumin was obtained from Pentex Biochemical, Kankakee, Ill.; unlabeled triolein from Hormel Institute, Austin, Minn.; and glyceryl [1-"C] triolein from the Radiochemical Centre, Amersham, England. The purity of triolein was over 99%o as judged by thin-layer chromatography on silica gel. Purified egg lecithin was a gift from William C. Vogel. Goldrick (35) and fat cell size (weight) by multiplying the cell volume by the specific gravity of triolein (34) . The other parts of tissue (40-50 mg each) were used to measure the LPL activity in two different ways: (a) as heparin-releasable LPL, and (b) as LPL in ammonium hydroxide extract of acetone-ether powder. One piece of tissue was incubated for 45 min in Krebs-Ringer phosphate buffer at 370C in the presence of heparin (2 U/ml).
After extraction of the final adipose tissue piece, the enzyme was extracted with 0.05 M NH4OH-NaCl without added heparin. The enzyme activities of the incubation medium and the acetone powder extract were assayed as previously described using triolein emulsified with lecithin as the substrate (36) . Strict adherence to the procedure of sonication of the substrate minimized day-to-day variability in substrate. Heating during sonication was avoided by keeping the tube in ice and sonicating intermittently (10 s sonication, 10 s pause, repeated 10 times). (P < 0.02) or to hyperlipidemic control subjects (P < 0.02). The acetone-ether powder LPL activity tended to be lower in the diabetic patients than in the control subjects, but this difference was not statistically significant (Table I ). The heparin-releasable LPL activity was a function of the activity in acetone-ether powder in nondiabetic individuals (r = 0.78; P < 0.001; Fig. 1 ). All the untreated diabetics fell below this regression line for nondiabetic controls due to the disproportionate decrease in heparin-releasable activity in diabetes (Fig. 1) .
Short-term treatment of hyperglycemia (1 wk) in the diabetics was associated with a 35% decrease in plasma glucose (P <0.02), but did not affect the heparin-releasable LPL or acetone-ether powder LPL. The changes in plasma TG were variable; in two very lipemic patients they decreased related to the simultaneous initiation of a fat-free diet, which was necessary for relief of abdominal pain in these patients. In contrast, long-term treatment of diabetes (10-12 wk) with insulin or chlorpropamide consistently increased adipose tissue heparin-releasable LPL activity (Table III) . The increase of acetone-ether powder LPL did not reach statistical significance. Plasma glucose and TG decreased significantly in all patients, while weight increased slightly.
Effect of obesity on adipose tissue LPL. When acetone-ether powder LPL activity, expressed per 106 cells, in nondiabetic and untreated diabetic subjects was compared to two parameters of obesity, percent of ideal body weight and fat cell size, there was a significant correlation between these indices of obesity and LPL activity among both controls and diabetics (Fig. 2) .
The regression lines for diabetics were parallel to those for controls (identical slopes). In the case of percent of ideal body weight, the regression line for diabetics fell significantly below that for controls ( Fig. 2A) , indicating that for a given degree of obesity, diabetics have lower acetone-ether powder LPL. The LPL activity per 10' cells was significantly related to fasting insulin levels (r = 0.59; P < 0.02). If the LPL activities in acetone-ether powder were expressed per gram of wet weight of adipose tissue instead of per cell, the above correlations were not found. The heparin-releasable LPL activity from control subjects, when expressed per 10' cells, was also related to percent of ideal body weight and fat cell size, although the correlations were weaker than with acetoneether powder LPL (Fig. 3) . Among untreated diabetic subjects, in contrast, heparin-releasable LPL was always low and not significantly related to these parameters of obesity. Both fat cell size (r = 0.85; P < 0.001) and fasting insulin levels (r = 0.70; P <0.01) were correlated with percent of ideal body weight.
Effect of feeding on adipose tissue LPL. The feeding of a fat-containing formula diet to control subjects after an overnight fast did not cause a significant increase in heparin-releasable LPL (47% increase; Fig. 4 ) or acetone-ether powder LPL (20% increase; Fig. 5 ). The mean plasma insulin level increased 408% (Fig. 6 ) and plasma glucose 22% above basal levels during feeding. In contrast, when control subjects were fed a fatfree carbohydrate-rich formula diet, there were marked increases in heparin-releasable LPL (89%; P <0.01; Fig. 4 ) and acetone-ether powder LPL (80%; P < 0.02; Fig. 5 ). These changes occurred independently of the presence or absence of a familial form of hypertriglycerdemia. Plasma insulin increased 664% (Fig. 6 ) and plasma glucose 35% above basal levels during feeding with this diet. While the plasma glucose responses were about the same, the insulin responses were significantly higher on the fat-free carbohydrate-rich diet (P < 0.01). In contrast to the results in control subjects, heparin-releasable LPL and acetone-ether powder LPL did not increase significantly on the fat-free high carbohydrate diet in diabetic subjects (mean increases 32 (Figs. 4 and 5) . In control subjects the LPL responses to feeding were not affected by obesity. When the data from all subjects were pooled, there was a significant correlation between the increments in heparin-releasable LPL (r = 0.66; P <0.01) (Fig. 7B) , or acetone-ether powder LPL r = 0.69; P < 0.01 (Fig. 7A) , and percent increase in plasma insulin during feeding. If the changes in insulin were expressed DISCUSSION Results in the present study help to clarify the role of human adipose tissue LPL in hypertriglyceridemic states characterized by alterations in insulin secretion. On the basis of other studies with diabetic human subjects and animal models, it has been suggested that the mechanism of hypertriglyceridemia in diabetes is increased splanchnic TG production, decreased plasma TG removal, or a combination of both (40, 41) . In animals in vivo the results are particularly dependent on the duration of insulin deficiency. After the acute induction of experimental diabetes, FFA esterification (42), the amount of very low density lipoprotein particles in the liver (43) , and the rate of TG secretion (43) are all increased, even though at this stage impaired TG removal may also contribute to the hypertriglyceridemia (43) . In animals with experimental diabetes for more than several hours, splanchnic TG secretion is decreased and impaired TG removal seems to be the sole mechanism of the hypertriglyceridemia (43). Thus, both duration and degree of insulin deficiency appear to be important variables in determining whether or not alterations in TG removal play the dominant role.
The peripheral removal of plasma TG seems to be related to the activity of LPL, located in tissues near or at capillary endothelium (2, 30) . Measurements of tissue LPL activity in diabetic rats have shown a decrease in association with insulin deficiency, that was restored to normal by treatment with insulin (12, 13). Moreover, in vitro LPL synthesis in rat adipose tissue was promoted by insulin (9, 11 44) , suggesting that this hormone is essential for the maintenance of normal adipose tissue LPL activity, and supports previous conclusions concerning LPL in diabetes based on PHLA (25, 45) . In the present study, adipose tissue LPL was found to be low in untreated diabetic patients. In particular, the heparin-releasable LPL activity, which correlates best with tissue uptake of TGs (4, 7, 46) , was decreased. This suggests that the entry of circulating TG into adipose tissue was impaired in these patients. A decrease in plasma TG and a concomitant increase in adipose tissue LPL during therapy further supports the concept that the hypertriglyceridemia among these diabetic patients was caused at least in part by defective TG removal by this tissue. Since LPL is present in many other tissues, e.g., heart, diaphragm, lung, and mammary gland (1-3), adipose tissue may not be the only peripheral organ responsible for TG removal. Thus, on the basis of the present study, apart from stressing adipose tissue participation, one cannot evaluate quantitatively the degree of defective TG removal in diabetic humans. The present results do not exclude the contribution of increased splanchnic TG production to the development of hypertriglyceridemia in diabetes, especially in those who were obese or had a familial form of hypertriglyceridemia (47) (48) (49) . Thus, patient selection would be a major factor influencing the interpretation of the mechanism of hypertriglyceridemia in diabetes.
Since there is evidence for the existence of several forms of LPL in rat adipose tissue, LPL activity in ammonium extracts of acetone-ether powder was measured. This activity appears to more closely represent the total LPL activity in adiopse tissue (2) . It behaved differently from heparin-releasable LPL in diabetes: acetone-ether LPL was not significantly decreased in the untreated state and treatment of diabetes did not increase activity significantly. There are at least three possible explanations for this difference: (a) since diabetic patients in this study were, as a group, more obese than controls, and since this study also shows that acetone-ether powder LPL is related to obesity, increased fat cell size may counteract the effect of diabetes on acetone-ether powder LPL; (b) the release of LPL from tissue by heparin is an energy-requiring process (50) , which may partially explain the particular dependence of heparin-releasable LPL on glucose and insulin metabolism, and (c) and the enzyme composition of these two preparations may be different. In animal adipose tissue two forms of LPL exist: one is apparently related to newly synthesized enzyme, and the second can be readily displaced by heparin and may be the product of the former (29, 51) . The acetone-ether powder LPL in our study may measure mainly the first enzyme form and the heparin-releasable predominantly the second form.
Adipose tissue LPL per 106 fat cells was directly correlated with obesity and with the increased insulin levels associated with obesity. Thus, obese subjects with basal hyperinsulinism had significantly higher LPL activity in their fat cells. This would indicate that the larger fat cells in these obese subjects were not "resistant" to the effects of circulating insulin as far as LPL is concerned.
Since the number of fat cells appears to be normal in adult onset obesity (52, 53) , the expression of LPL activity per cell may provide a quantitative evaluation of the plasma TG removal system of adipose tissue in adults with varying degrees of obesity (36) . If so, the plasma TG removal capacity, as related to adipose tissue, would appear to be increased in obesity. There is evidence from animal studies indicating that obesity is accompanied by increased splanchnic TG production (47) , which when coupled with increased removal, may explain the mild elevation of plasma TG associated with obesity.
The changes in adipose tissue LPL after food intake also appeared to be related to changes in insulin. Food intake caused variable responses in adipose tissue LPL among individual subjects, as shown recently in another human study (54) . The 
